Phosphorus cycling between components of the ecosystem of the hypertrophic Lake Swarzędzkie was studied in [2000][2001][2002][2003]. The results of this study revealed considerable seasonal variation in phosphorus cycling. The main sources of phosphorus load in winter were the tributaries, whereas in summer internal loading prevailed. However, the most effective source of SRP (soluble reactive phosphorus) for phytoplankton primary production in summer was its excretion by organisms from the microbial loop. The share of this source in the total phosphorus pool was 38%, whereas internal loading contributed 23.7%, external loading 16.3%, and regeneration by metazooplankton 22%. This exerted a significant influence on the functioning of the whole lake ecosystem. Limiting both external and internal phosphorus loading is recommended to facilitate water quality improvement in the lake.
INTRODUCTION
Phosphorus controls biological production and is involved in energy transfer, so it is indispensable to life processes (Kajak 1998) . The nitrogen and phosphorus contents of lake water are determined by external and internal loading, but also by the export of nutrients with the water flowing out of the water body and by the elimination of nutrients from circulation, mainly due to sedimentation (Hillbricht-Ilkowska et al. 1996) . Thus, the trophic state of lakes depends on the amount of imported phosphorus as well as on phosphorus cycling within lakes, i.e., between water and bottom sediments. Phosphorus is accumulated in various components of the ecosystem, but the major, unquestioned role in processes of its transformation and accumulation in water bodies is played by bottom sediments (Kentzer 2001) . The process of phosphorus release from the sediments is believed to contribute significantly to the eutrophication of water bodies (Wiśniewski 1994 , Wiśniewski 1995 . Phosphorus availability is regarded as the most important factor determining the water quality of lakes. Numerous studies have shown that heavy phosphorus loading leads to high phytoplankton biomass, turbid water, and often undesired biological changes (Dillon and Rigler 1974, Søndergaard et al. 2003) . In many cases, hypertrophic lakes do not respond quickly (within a few years) to even a drastic reduction in external nutrient loading (Cullen and Forsberg 1988) . Strong water blooms, usually caused by cyanobacteria, may continue to occur for many years or even decades. This is because lakes normally are efficient nutrient traps, where much of the external nutrient load is accumulated. The reduction of this load changes the equilibrium state within the lake and as a result internal loading is increased (Kamp-Nielsen 1997 , Granéli 1999 .
Zooplankton excretion is an important mechanism for supplying bioavailable phosphorus to phototrophic organisms in lakes (Lampert and Sommer 2001, Arhonditsis et al. 2004) . Generally, the smaller the organism is, the higher the rate of phosphorus excretion per unit biomass is (Peters 1983) . If small organisms are numerous, then the total excreted phosphorus load can be high (Gulati et al. 1989) . Greater internal loading in eutrophic lakes stimulates the development of larger phytoplankton organisms, with relatively high nutrientstorage capacities (Reynolds 1993 , Reynolds et al. 2002 .
Lakes receive phosphorus loads not only from external sources (tributaries, surface run-off, precipitation), but also from their bottom sediments. Sediments play an important role in the overall phosphorus metabolism of lakes, acting both as a sink and a source of phosphorus. In most lakes there is a net deposit of phosphorus in the sediments (Boström et al. 1998) . The intensity and duration of internal loading have a very significant impact on phosphorus turn-over in lakes, and, subsequently, on lake water quality (Jeppesen et al. 1991 , Gonsiorczyk et al. 1997 , Søndergaard et al. 1999 .
The aim of this study was to assess the seasonal variation in phosphorus cycling in the hypertrophic Lake Swarzędzkie ecosystem.
MATERIALS AND METHODS
Lake Swarzędzkie is rather small (93.7 ha) and shallow (maximum depth 7.2 m, mean depth 2.6 m), and is located in the town of Swarzędz near Poznań. The lake is polymictic, because in summer no hypolimnion forms. A small part of the bottom (15.7%) is in contact with metalimnetic waters. The remaining part is the so-called active bottom. The lake is elongated, narrowing from half its length towards the outlet. The wider part is deeper (the deepest site is situated there), while the narrower part is only up to 2 m deep (Fig. 1) . Lake Swarzędzkie is supplied with water mainly from the Cybina River and partially from the Mielcuch Stream. The catchment of the Cybina River is 17 230 ha and is dominated by farmland, which accounts for 75.5% of the area (Szyper et al. 1994, Gołdyn and Grabia 1998) . Planktivorous fish dominate the fish species composition (unpublished data from the Fishing Company). Lake Swarzędzkie is highly eutrophic. It was heavily polluted in the past by the discharge of untreated or partly-treated sewage from the town of Swarzędz. A municipal sewage system became operational in November 1991. Nevertheless, the lake is still overloaded with nutrients from the catchment area and those released from the bottom sediments (Kowalczewska-Madura 2003, Kowalczewska-Madura and Gołdyn 2009 ). The lake is characterized by intense water blooms, oxygen depletion in the deeper water layers, and high internal loading from the bottom sediments. The lake is not used for recreation because of its poor water quality. Although about 80% of the direct discharge of municipal sewage into the lake was stopped in 1991, water quality has not improved markedly since then (Kowalczewska-Madura and Gołdyn 2006) .
To describe the role of phosphorus loading from individual sources and their further transformations in Lake Swarzędzkie and to assess seasonal variation in phosphorus cycling, two extreme models were used: one for the winter (January-March) and another for the summer (July-September) seasons (Fig. 2 ). The components included in the models were calculated based on data collected by the authors in 2000-2003. The exception was primary productivity, as its value was estimated based on data from the Maltański Reservoir located downstream from Lake Swarzędzkie (Joniak et al. 2003) . The estimation was performed with 2.4 conversion factors of carbon into dry matter (Weiner 1999) and P content in the dry matter of phytoplankton, which, according to Kajak (1998) , was 0.7% of dry mass.
The lake water was sampled every month from June 2000 till September 2002 at the deepest site (station A). Investigations of water quality and discharge were also conducted in the Cybina River at the inlet (station B) and outlet (station D) of the lake, and in the Mielcuch Stream just before the inlet (station C) (Fig. 1) . The samples were collected approximately at fortnightly intervals. Phosphorus concentrations in the water samples were assessed in the laboratory using the molybdate method with ascorbic acid as the reducer (Water Quality 2004). The P loads flowing into and out of the lake were calculated as their concentration (kg m -3 ) multiplied by discharge (m 3 d -1 ) at the particular sampling stations (Kowalczewska-Madura 2003) .
Phosphorus release from the bottom sediments was investigated in a parallel study. Intact sediment cores for ex situ experiments were collected with a modified tube sampler from 7 stations between September 2001 and October 2003 (Fig. 1) . The results of these experiments are reported by KowalczewskaMadura and Gołdyn (2009) .
Samples for zooplankton analyses were collected using a 5-l water sampler, every 1 m in the vertical profile. The zooplankton community phosphorus excretion rate was calculated with the Ejsmont-Karabin (1984) regression models, using the enumerated and measured taxa and water temperatures ).
The grazing rate of large filter-feeders, including Cladocera (excluding Leptodora kindtii) and Calanoida, was calculated with the model proposed by Lampert (1988) . This model simply estimates the grazing rate as a function of zooplankton biomass feeding on phytoplankton. These data have already been published (Gołdyn and Kowalczewska-Madura 2008) . It was estimated that phosphorus grazed by metazooplankton was equal to its excretion rate.
RESULTS
In winter, the majority (74%) of the phosphorus loading in the lake was from external sources ( Table 1 ). The total phosphorus load from tributaries and bottom sediments reached 8.5 mg m -3 d -1 P. At the same time, 4.6 mg m -3 d -1 P Fig. 2 . Models of the phosphorus cycle in Lake Swarzędzkie in winter and in summer.
was exported from the lake with the waters of the Cybina River, i.e., about 55% of the P loads flowing into the lake. In the process of primary production, phytoplankton used nearly the whole pool of available phosphorus, i.e., 3.8 mg m -3 d -1 P. In contrast, the rate of phosphorus regeneration by zooplankton was low, theoretically 0.9 mg m -3 d -1 P. However, according to Lampert's (1988) model, the zooplankton grazing rate (γ) indicated that zooplankton consumed only 0.4 mg m -3 d -1 P, so it could not excrete any more than this value. The vast majority of phosphorus (90%) was not consumed with phytoplankton by larger zooplankton, so it was not transferred to the higher trophic levels. The amount of phosphorus utilized by the microbial loop was not large either. Thus, much of the phosphorus assimilated by phytoplankton was mainly subject to sedimentation, and the resultant new layer of phosphorus-rich sediment was intensely mineralized in summer.
The lake ecosystem functioned differently in summer, which was reflected in remarkable differences in phosphorus cycling in comparison to those in winter. The total phosphorus load reaching the pelagic zone of the lake (imported with river water and released from bottom sediments) was 8.6 mg m -3 d -1 P, so it nearly equaled that recorded in winter. In summer, however, internal loading prevailed, as it accounted for 59% of the total load. In comparison with the winter months, the phosphorus loads in waters flowing out of the lake were markedly smaller, at only 1.3 mg m -3 d -1 P (15% of the total load received by the lake). Thus, the phosphorus pool that could be used by individual components of the ecosystem was approximately 7.3 mg m -3 d -1 P. -3 d -1 P) could suggest that about 70% of sedimented phosphorus was released through the mineralization of organic matter precipitated to the bottom sediments. However, mineralization involved not only fresh organic matter deposited in summer but also the older bottom sediments (especially those settled in spring). A comparison of phosphorus release showed that most of it was derived from external and internal loading. However, the most effective source of SRP for phytoplankton primary production in summer was its excretion by the organisms from microbial loop. The share of this source in the total phosphorus pool was 38%, whereas internal loading comprised 24%, external loading 16% and regeneration by metazooplankton 22%.
DISCUSSION
At the end of winter and in early spring, high phosphorus loads (22.1 kg d -1 P) were brought into the lake by the Cybina River. Total phosphorus concentrations in the lake at this time reached 0.06 mg l -1 P (Kowalczewska-Madura 2003, Kowalczewska-Madura and Gołdyn 2006). Such strong external loading in spring caused intense phytoplankton growth in the lake. In particular, chrysophytes, diatoms, or cryptophytes became very abundant then, which favored the development of rotifer zooplankton. Most of the organic matter settled to the bottom, forming a layer of fresh sediment rich in nutrients. Only in this period did external phosphorus loading exceed internal loading.
At the end of spring, the import of nutrients from the catchment decreased, while internal loading was not very high. The increasing temperature facilitated the growth of cladoceran populations. Very high zooplankton grazing rates of up to 1506 ml l -1 d -1 were observed in this period. Thus, zooplankton exerted grazing pressure on phytoplankton, which was reflected in improved light transparency (Secchi depth 1.55 m).
In summer, the external phosphorus loading from the catchment was lower than the internal loading from the bottom sediments, which reached up to 13.29 kg d -1 P. For the summer months it was, on average, 10.8 kg d -1 P compared to the average external loading of 7.12 kg d -1 P. The lake water was continuously enriched with phosphorus, so nitrogen became the factor limiting the primary productivity of algae in the lake. Values of the N/P ratio declined then to 7.7, which favored the growth and reproduction of cyanobacteria. Their abundance increased then to about 40 000 specimens ml -1 , while biomass increased to 13 mg l -1 (Stefaniak et al. 2007 ). Secchi depth decreased to 0.5 m, while chlorophyll a concentration amounted to 109.7 µg l -1 (Kowalczewska-Madura 2005). The filamentous cyanobacteria Planktothrix agardhii and Limnothrix redekei were very abundant then, as they were not effectively eliminated by zooplankton. Phytoplankton growth was also stimulated by fast phosphorus cycling, because of its regeneration by zooplankton and the microbial loop. The excretion rate was up to 203.7 µg l -1 d -1 P then, reaching the highest values for rotifers ). Due to intense primary production by phytoplankton, large amounts of decaying algae precipitated and were deposited in the bottom sediments. Since water temperature was relatively high in this period, the fast microbial decomposition of the organic matter was initially aerobic, but subsequently anaerobic due to oxygen depletion. Oxygen deficits occurred below a depth of 4 m, and they were associated with an odor of hydrogen sulphide, attesting to strong reducing conditions. The stable thermal stratification did not enable any mixing of the bottom water layer with the epilimnion. As a result of the ongoing processes of phosphorus release from bottom sediments, the total phosphorus concentration above the sediments in the metalimnion was very high (up to 1.55 mg l -1 P). In summer, only a small proportion of these compounds reached the epilimnion, so they did not cause any remarkable increase in primary productivity thanks to their being 'trapped' in the metalimnion. However, internal loading was also very intense in the shallow zone of the lake (0-3 m), where thermal conditions and oxygenation were highly variable. Nutrients from this part of lake bottom were released directly into the epilimnion, so they affected the primary productivity of phytoplankton. The highest rate of phosphorus release was recorded in a small zone around the mouth of the Mielcuch Stream at up to 59.5 mg m -2 d -1 P (11 076.7 mg m -2 year -1 P) (Kowalczewska-Madura 2005) . The mean annual internal phosphorus loading from the whole lake bottom reached 3030 kg year -1 P, so it exceeded the mean external loading of 2774 kg year -1 P. In comparison with literature data, Lake Swarzędzkie has very high external (Kozerski et al. 1999 , Szyper 2000 , Wiśniewski 2000 and internal loading of phosphorus (Wiśniewski and Rzepecki 1996 , Kozerski and Kleberg 1998 , Sondergaard et al. 2001 . Thus, it can be anticipated that if both internal and external loading were considerably reduced, then much smaller phosphorus loads would be circulating in the lake. Consequently, the phosphorus pool available to phytoplankton and other components of the ecosystem would be smaller. It is uncertain whether the restoration of the lake would be sensible if only internal loading was reduced drastically (e.g., from the present 5.1 do 1.0 mg m -3 d -1 P). In this situation, the total external and internal loading would reach about 4.5 mg m -3 d -1 P. If it is assumed that the amount of phosphorus in waters flowing out of the lake remained at the current level, then the total phosphorus pool available to individual components of the ecosystem would be 3.2 mg m -3 d -1 P. This amount is smaller than that grazed by zooplankton (on average, 3.8 mg m -3 d -1 P), so there should be no algal blooms and no increase in eutrophication. However, the method of lake restoration consisting in limiting phosphorus release from the bottom sediments should be repeated every year, because the fertile sediments deposited every spring would be an important source of phosphorus for phytoplankton growth in summer. This method would not need to be applied repeatedly if external loading was dramatically reduced. Another solution would be to initiate a natural mechanism limiting internal loading, e.g., the propagation of submerged vegetation on a large proportion of the lake bottom.
Thus, activities aimed at protecting and restoring Lake Swarzędzkie should involve not only a substantial limitation of nutrient loads from external sources (appropriate catchment management), but also a strong decrease in internal loading. The process of internal loading is quite intense, so nutrient release from bottom sediments should be blocked. An effective solution is the precipitation of PO 4 from open water and the inactivation of phosphates in sediments, e.g., by the Riplox-Ripl method modified by Wiśniewski (2000a Wiśniewski ( , 2000b . Phosphorus inactivation is recommended especially for shallow water bodies, but can also be applied in deeper, dimictic lakes. The most frequently used coagulants are aluminum compounds and iron compounds applied in the form of pellets or specially prepared solutions (Søndergaard et al. 2002 , Gawrońska et al. 2004 ). This can additionally prevent cyanobacterial blooms through the immobilization of their resting forms in sediments. With iron treatment it is also necessary to increase the redox potential of bottom sediments, e.g., by applying calcium nitrate (Søndergaard et al. 2002) . Following such treatments, biomanipulation could also be beneficial. Biomanipulation consists in stocking predatory fish in the lake, as currently planktivorous fish prevail there. This would cause an increase in zooplankton abundance, associated with a stronger grazing pressure on phytoplankton. Consequently, water quality would improve and the lake could be used for recreation.
CONCLUSIONS
The current results show that the high trophic state of the lake, which remains unchanged in spite of the elimination of the main source of nutrients, is the result of both intensive external loading (large amounts of nutrients supplying the lake with the waters of the Cybina River and the Mielcuch Stream mainly in spring), and internal loading (mainly in summer). The high trophic state is apparently also due to the fast cycling of nutrients. This was affected in summer by the intense mineralization of organic matter in the warm, shallow zone, which included about 54% of the bottom area. This process was the most intense near the mouth of the polluted Mielcuch Stream. Phosphorus cycling was also facilitated by the excretion of large amounts of phosphorus by zooplankton as well as the impact planktivorous fish have on eutrophication. Intense nutrient loading contributed to the occurrence of long-term algal blooms in the lake. Differences in external and internal phosphorus loading in cold and warm seasons of the year made it possible to create two separate models of the cycling of this element in the lake ecosystem.
These models explain that currently no natural improvement in the trophic state of the lake can be expected due to the mechanisms observed within the ecosystem. An improvement will be possible only after the application of protective measures (consisting of limiting external loading) and/or lake restoration (reducing internal loading).
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